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Al:lo'l'HACT 

1. y + N -~ n + N 

The process y + H --:> rt + N is studied at high energies in 

both ~he forward and backward directions. The helicity formalism is 

used. Contributions from the p, ui, ¢, and rt trajectories in the t 

channel and from the tra,jectories in s 

channel are included. Polarizatto::l formulae for the final state 

nucleon are given. If we may neglect cuts in the angular IBomentum 

plane, then at hi g"h energies f'or mamentlmi transfers -t > > fi the 
:re 

~ trajectory should dominate charged pion photoproduction in the 

forward direction. A curde estimate of' the cross section yields 

dcr 
dt 

2j ( 0) - 2 
s p 1 However, the pion trajectory is expected ~ -s 

to be important for small momentum transfers up to very high energies. 

For forward. neutral pion photoproduction both the p and w trajectories 

1 should be important. The cross section is estimated to be ~~ "' -s 

For photoproduction in the backward direction, the situation is much 

dcr more complex with at least three trajectories contributing to ~ • 
a:s 

However, since the same set of trajectories are to be used in rtN 

scattering, backward rtN scattering and backward photoproduction are 

expected to have the same energy dependence. 

trajectory dominates with j * ( 0) ~ 0 , we obtain 
N3+/2 

dcr 

ds 
2j * (o) - 2 

s N·;//2 , ~ 
1 
2 
s 



.ABSTRACT (continued) 

2. K Leptonic Decay and Partially Conserved Currents 

An operational def'ini ti on f'or the partial conservation of' the 

strangeness changing vector current is given and applied to leptonic 

+ 0 * K and K2 decay. The K resonance is explicitly included in the 

calc'-llation and quantitative agreement with experiment is olJLalued. 

A detailed comparison with the K+ data of Brown et. al. and Dobbs et. al. 

is given. Because of rapid variations of a form factor, it is found 

that the data of these two groups are not in contradiction. From the 

K~ experiment of Luers et. ~!·, I = 1/2 and 3/2 currents are seen to 

exist. 1$-deca~,r is briefly considered. It is found that an explana-

tion for the slowness of K leptonic decay and the vector part of 1$-

decay may be connected with the partial conservation of the strangeness 

changing vector current. 
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Preface 

This thesis is divided into two sections, the first dealing 

'With the process y + N -7 :n: + N Where the incident / ray is very 

energetic (~5 BeV in laboratory s~rstem). The second section is 

concerned with another, entirely unrelated problem, that of trying 

to understan.d certain aspects of the i:i decay of strange particles 

Where the strangeness of the strongly interacting particles changes 

by one unit; for example, the decays: 

,.i.. 0 ..j.. 
K -)re + µ + V 

A.....;. p+e+v 

2:- --;. A + e + v 

In tl1is pI·eface we will briefly indicate the interest and significance 

of these two problems. We begin 'With a few introCl:u.ctory remarks 

concerning the photoproduction section of this thesis. 

During the past year and a half much effort has been spent in 

an attempt to understand the behavior of cross-sections at high ener-

gies, and to correlate this behavior 'With the many particles and 

resonances that have now been discovered. Standard perturbation 

theory in its lowest order as well as the dispersion theory were 

unable to account for the experimentally measured total cross sections 

for nN or lifN scattering 'Which seemed to approach constants at high 

energies. Because of the large couplings involved, perturbation 

theory was not expected to work. Dispersion theory also had diffi-

cul ties because of' its inabtJ5ty to hanill e :multi -:parli C'.lA f'i naJ states. 

The usual pole approximations that made use of single particle or 

resonance interrnediate states were certainly incorrect since they 

gave the "Wrong energy dependence to the total cross-sections. 
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For exam:ple, in :rcN or NN scattering, the exchange of a particle of 

2·-2 
spin j gives rise to a total cross section aT 1rhich goes like E J 

where E is the energy of the incident :re or :N in the center of mass 

system. If the exchanged particle were a high spin resonance, then 

aT would become arbitrarily large as E increased, contradicting 

experiment. 

In a natural extension of the work of Regge, Chew and Frautschi 

proposed a way of avoiding this difficulty. Their idea was to exploit 

the "substitution law11 which, for example, states in the case of :rcN 

elastic scattering that :re + N -;; :rc + N and :re + :rc -> N + N are described 

by the same amplitude for different values of its arguments. More 

precisely, l)y analytically continuing the ampli tud.e for :re + ;!' -7 N + N 

to large cos et (et is the scattering angle for this process) they 

obtained the scattering amplitude for ,-dl ~·:rrN at large energies and 

small scattering angles. Then by using the optical theorem, they 

related the forward :rcN elastic scattering amplitude to the total 

:rcN cross-section. 

The work of Regge indicated how this analytic continuation 

to large cos et might be accomplished. The analytic continuation 

was not straightforviard because the partial wave analysis for 

:re;!' ~·NN, usually applied only for \cos et I & 1, does not converge for 

large cos et. Regge's idea was to consider the angular momentum J 

as a complex variable, to replace the partial wave sum 

........,) (2J + l)fJP (cos e ) by a contour integral in the J plane, deform 
.I J t 

ihe contour, and in so doing obtain a sum that converges for large 

cos et. This sum consists of contributions from poles and cuts in 
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the J plane that were picked up in deforming the contour. A pole 

in the J plane (called a Regge pole) corresponds to the exchange of 

a whole family (trajectory) of particles having identical quantun:. 

nUJJ'~ers except for spin. The position of the pole ~lill be a f'unction 

of the momentum transfer t. 

Chew and Frautschi found the contribution to ~ from a trajectory 

of particles to be given by ~g = f(t) E4j(t)-2 ·where j(t) indicates 

the position of the pole in the j plene and f(t) is some unknown . 

f'unction independent of E. With the help of the optical theorem 

2·(0)-2 they obtained crT ~ E J • They then suggested that j(O) should 

be viewed as a phenomenological parameter with wb5ch to fit the 

experimentally measured crT. The hope was that at some future date 

a more refined theory would predict j(O). 

How many trajectories are there? There is a different trajectory 

for every kno-wn scalar and vector meson, and many more trajectories 

for the baryons and baryon resonances. Although far from conclusive, 

it seems that in many cases the baryon trajectories contain two 

or perhaps even three };:nown particles or resonances. In addition, 

the existence of a trajectory (called the Pomeranchuk tra.jectory P) 

vlith jp(O) = 1 has been conjectured in order to explain the nearly 

constant high energy ~N and :NN scattering cross-sections 
2jp(0)-2 

( crT ,...., F. = canst.ant). F:i.nall y) in o1"nA1" t.o o"hta5 n one mo'l"e 

I 

phenomenological parameter, another trajectory or cut called P has 
T 

been introduced into the formalism. If P is a trajector1, then 

like the P, the pa.rliclco conta.ined on it have otill not been found 

experimentally. 



-iv-

Although there are many trajectories and consequently many 

phenomenological parameters j(O), each trajectory appears in different 

Rr.attF>'r'ing p'r'nr.eRReB. Tt'nr exRrnple,,. the p is )?resent in: :rcN -711'.N, 

NN -;. NN, y + N -;. 1r + N, • • • By studying the high energy behavior of 

many different reactions one is able to check the assumption that 

scattering amplitudes take on relatively simple forms at high energies 

if expressed in terms of their singularities in the complex J plane. 

The procedure we have outlined above has the advantage of 

supplying some kind of classification scheme for the newly discovered 

resonances, grouping them into tra,jectories, and associating with 

these trajectories certain parameters which may be used to fit the 

rcoulto of high energy ocattering experiments. By observing cross

sections for many different processes, a check on the theory may 

be obtained. Unfortunately, the validity and usef'ulness of this 

procedure is still uncertain. For cxemplc, the importo.ncc of cute 

in the J plane is not yet understood. Nevertheless, the theory 

is young and does offer both interest and promise. 

In the near :ruture with the completion of the electron acceler

ators at Cambridge, Hamburg, and Stanford the process y + N ->re + N 

will be studied at high energies. It would be interesting to correlate 

thlo p.r:·uc..:e::>J:l wlt;h u-Lher .r:·ectc..:Llurn;; llh.e nN, KN, 1.'.l.llll NN scttLLe:rlng. The 

"Regge pole" approximation scheme, ·where one considers singularities 

in the J plane as determining the scattering amplitude, is the only 

kno"Wn proceQure that allows such a correlation. The first part of 

this thesis will be devoted to a study of this photoproduction 

process using the Regge pole approximation. 
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The photoproduction process possesses a certain simplicity 

not to be found in rcN, KN, or NN scattering. The Pomeranchul~ trajec-

"bory which is supposed to dominate ;n:N, KN, ana. IW scattering w:ill 

not contribute toy+ N ->re+ N. Furthermore, the rather mysterious 
t 

trajectory (or c'Ut), the P , Which has been introduced for the sole 

purpose of' supply lug w1other pa:r:cuneLer lio .fit existing data~ w:ill 

also be absent in photoproduction. The theoretical analysis of 
+ 

!_)hotoproduction is thereby simplified. In re- photoproduction, only 

the p and 1C trajectories contribute, and at high enough energies, 

the p dominates. This is to be compared 1rl. th reN, KN, and NN 
r 

scattering where the p trajectory gets lost in much larger P, P , 

and w effects. 

In addition to supplying a determination of pararr..eters like 

jp(O), j1C(O), ••• the photoproduction processes may be used to 

check other interesting aspects of the theory. For example, it is 

believed that the contribution of a trajectory, say the p, to a 

process like y + N ->1C + N is given by 

dcr(E,~ -+f (t) f (t) E4jp(t)-2 
an P1C'Y pN.N 

. 4j (t)-2 
Note that the coefficient of' E P has been factored into two 

pieces, one depending only on the rc-y-p trajectory interaction, the 

other on the N-N-p trajectory interaction. fpNN(t) would also 

a!_)pear in rc + N -+ rc + N in the form 

4j (t)-2 
dcr(E,t) -) f' (t) f' (t) E p an prcrc pNN 
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Now, by studying the p contribution to 

and 

4j (t)-2 
f * (t) E p 

pNN 
5/2+ 

where * N is the I = 3/2, J = 3/2, parity + rcN resonance at 1238 
3/2+ 

MeV we may test the validity of this factorization. It is interesting 

to note that only the p and 1C trajectories contribute to the reactions 

* producing N +. 
3/2 

t 

The P, P , w, and ¢ trajectories are not present 

because they carry zero isotopic spin. The factor theorem would 

also allow one to relate reactions like rcN -;. 1rN, yN _,. rcN, and 

/1C -i>1C1C. The latter reaction occurs in processes like y + N -i>1C +re+ N 

where a, oingle 11'. io cxcha.ngcd or in 11'. I Nucleuo --.;.. :re 1 :re 1 Nucleuo 

where a virtual / is exchanged. 

From a technical point of view, a theoretical study of 

photoproduction io interesting bccauoc it involvco questions of' 

gauge invariance and its effects on the Regge pole theory. AB is 

well known, the re pole in photoproduction appears in the dispersion 

theory as a consequence of' gauge invariance and kinematics (the ~ 

'Which has the same space-time properties as the re does not contribute 

to photoproduction). It would be interesting to see exactly how 

the Tiegge pole formalism gets modified in the case of the n. The 

factor theorem cannot be correct as it stands for the :re trajectory in 

photoproduction because for t ~ µ2 nucleon exchange diagrams nru.st 
1C 
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also be considered to preserve gauge invariance. 

A study of the pion trajectory at high energies is of interest 

because or its errect on the Drell process. In l960 Drell indicated. 

that a great number of strongly interacting particles might be 

produced 'With a high energy y ray beam. The inportant diagram for 

the process was single :pion exchar.ge: 

:n: 

Because the :n: pole is so close to the physical region, the one 

pion exchange contribution is expected to be large despite the presence 

of an electromagnetic coupling. It is through this mechanism that 

the Stanford linear electron accelerator will produce beams of 

strongly interacting particles. As we have previously indicated, 

the effect of the Regge pole approximation has been a damping of all 

cross-sections at high energies. It 'WOUld be very interesting to 

know exactly how much Drell 1 s original estimate will have to be modi

fied. Because j (o) is not much less than j (µ
2
), it is presently 

:n: :n: 1( 

un.l;:no'Wll at what energies Rcgge pole effects become important. 

Iespite the great uncertainties present in the theory, a 

study of the photoproduction process does seem justified at this 

timev 

In the second half of this thesis we examine the ~-decay of 

strange particles paying special attention to K+ -+ 1Co + ~I+ + v, a 

process that has been studied to some extent experimentally. This 

decay mode is governed by the vector current s the strange particle µ 
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counterpart of the vector cu.rrent j that appears in neutron f3-decay. 
µ 

"k 
Hecently, convincing evidence has been obtained verifying the 

Feyrunan-Gell-Mann conjecture that d j = O. The study of' 
µ µ 

K+ -> :rc0 + µ+ + v is undertaJ<:.en in an attempt to obtain information 

about (J s • The experimental information available on this decay 
µ ~L 

mode comes from two different groups who seemingly obtain conflicting 

results. The theory that we propose assumes (J s slowly varying. 
µ µ 

With this assumption, ve find that the data of both groups may 

be fitted -by taking d s to be small. Since there is always the µ µ 

possibility that one of the experiments is wrong, it would not lJe 

fair to conclude that the theory has been experimentally confirmed. 

We hope that a l;:nowledge of the divergence Cl s will help 
µ µ 

in reconstructing the current itself, thereby leading to a complete 

theory for the .8-decay of strange particles. 

* 11Experimental test of the Conserved Vector Current Theory on the 

Beta S t " Bl2 d 1\Tl2 pee ra o:t an J.~ 

ti 

, Y.K. Lee, L.W. Mo, and C.S. Wu, 

P.R.L. !Q, 25~5 (l963) 
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I. INTRODUCTION 

The process y + N -;. 1l'. + N that we wish to consider is shown 

in Figure l. Here we call the four-momenturn of the incident photon 

K, the momentum of the outgoing 1l'. meson Q, while Pl and P2 denote the 

initial and final nucleon momenta. The kinematic variables s, t, and 

-:S convenient f'ur thio problem CLI'e rJ.e:flneU U,Y 

2 
s = - (P1 + K) 

' 
t = - (Q - K)

2 

' 
In the barycentric system, these quantities become 

s = (E
1 

+ k)
2 = (E2 + w)~ 

t = µ 2 - 2wk + 2qk cose 

s = M
2 

- 2E2 k - 2qk cose 

2 
s = - (P - K) 

2 

(1) 

where El' k, and E
2

, w are the initial nucleon, photon, and final 

nucleon, pion energies; q is the :magnitude of the meson three-momentum 

·while 
-7 _,,/ 

case = q•k1qk is the scattering angle. M and µ are the 

nucleon and pion masses. 

We w:i11 compute the differential cross section for this reaction 

at very high C.M. energies (large s) taking into account the p, 01, ¢ , 

* * and 1l'. trajectories in the t-channel and the N , N +' N 
1/2+ 3/2 1/2-

* trajectories -in the s channel, as indicated in Figure 2. Gauge 

invariance ·will introduce features into our calculation nut to be 

found in 1l'.-N or N-N scattering. In the first part of this paper we 

will write do'WTI. an expression for the differential cross section 

paying little attention to rigor. 'l'he remainder or the paper will 

* * The N is, for example, the trajectory 'Whose lowest mass 11particle" 
3/2+ 

is the I= 3/2 , parity+ , n:N resonance at 1238 MeV. 
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then be concerned with a verification of this result within the 

conventional photoproduction formalism. 

II. TRAJECTORIES IN THE t-CHANNEL - FORWARD PHOTOPRODUCTION 

A. The w Trajectory 

Let us examine the contribution of the w pole at high energies. 

If we let the nucleons and the y ray be in states of definite helicity, 

then the photoproduction process may be described in terms of 23 
= 8 

helicity amplitudes. Imposing parity conservation leaves us with 
+ + 

only four independent amplitudes Which we may take to be¢ - , rJ-

where the ~ superscript refers to the photon helicity, the final 

state nucleon is always taken to have positive helicity, and ¢ 

designates nucleon helicity f'lip, ri no helicity flip. Since helicity 

is not a Lorentz invariant guantity, we must be careful to state 

what coordinate system we are working in. ¢ and '!) will always be 

symbols for the helicity amplitudes in the center-of-mass system. 

The W1fY interaction part of the diagram will give a factor 

EVO:t30 Ka Q~ E~r) to the invariant a;mplitude T, where e~r) is the 

polarization of they. If we go to the 1C-Y "brick wall frame 11
, 

defined as that coordinate oyotcm 'Where 
-7 -7 
q = -k, and let x be the 

direction of the incoming r ray (see Figure 3) then the amplitude 

will contain the factor 

+ k evt:x:o) k e~r) 

Now, Ev:x:to E~r) must couple to a four vector, through its v 

index, -vihich has to be a linear combination of P 1 and P 
2

• If we let 



... · 
z 

-5-

rcr I t-¥ 
' I 
I 

.. ~ 

-{ 

t&-

• 
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the reaction take place in the X'J-plane, then for a non-zero contri

bution we must have v = y, which in turn implies that E~?') will 

contribute only through 1ts component 1n the ;::,-U.lre<..:blun. Heuue, 

+ 'i1 = T) 
' 

In general, we expect both r1 and¢ amplitudes to be present. 

For example, suppose that the helic1ty of' the initl<:Ll uu<..:leuu 1::; 

positive while that of the final nucleon is negative. Then, in the 

C .M. system for large s where the mass of the nucleon may be neglected, 
1 -7 _, 

2 (l - ?'5) u(pl) = u(pl) 

If' we look A.t the wNN coupling 'Which determines 'Whether we have helicity 

flip or non-flip we see that couplings of the type 

u(p2) ?'v u(pl) = u(p2) ~ (l - Y5) ?'v ~ (l - ?'5) u(pl) 

give zero since y 5 anti-commutes with /v and (1 - r5)(1 + r 5) = 0 

l (2 (l t r5) are projection operators). However, 

(P2-Pl) u(po) cr u(pl) µ c µv 

will not equal zero since cr contains products of two /-matrices. 
µv 

Consequently, the w pole will give rise to helicity flip¢ only 

through its cr coupling, and similarly will contribute to no helicity 
µv 

flip T) only through the y term. v 

Still another way of observing that we must have two independent 

amplitudes at the wNN vertex comes by going to the N-N brick wall 

-7 -7 
frame where p1 = - p2 (Figure 4). Thew being virtual has both spin 

zero and spin one pieces. The spin zero part can conserve angular 

momentum only by interacting with tWD nucleons that spin in the same 



.. P: I 
Na 

N1 .. Ji;' 

__ ,... p; 
-------..-------- Ha 

Nt 

Spin one piece of rlrtual w 

11@;u.re 4'2 i'he D "brick wall frame". In this coordinate system it 
is apparellt that ·the w pole p ves riae to ·t'WO independent ampll tudas 
·rddoh we have taken to be q &nd -· The e.rrow above ·the momentum 
lines indicate the spin directions of the pa.rt~clas. 
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direction and hence contributes only to the spin flip amplitude. 

The spin one projection of the w gives rise only to no helicity flip. 

To get the energy dependence 01· the w diagram ror large s, 

f'ixed t, we may for convenience set µ = M = O. Then, in the 1£-Y 

brick wall frame, the kinematic variables become 

t = - (K - Q)2 = - (2k.)2 

and for fixed t large s, ply __, E
1 

__, s/Ft (see Figure 5). Note 

that in this coordinate system E1 goes like s while in the C.M. 

system E
1 

goes like {S • 

Consider the wNN vertex. It will have either the form 

(P_-Pl) u(p2) a u(pl). 
~ µ . µy 

For fixed t large s, 

* 
(no helicity flip) 

and 

Consequently, the invariant amplitude T will go like 

T ,..., (w1C?' vertex) x l 2 x (wNN vertex) "' s 
t-m w 

(helicity f'lip) 

for both flip and non-flip. T is related to the helicity amplitudes 

through a phase space factor. This gives rise to the relations 

*The symbol 11
rv

11 means "goes in its s dependence like"; "--4' means 
"which approaches 11

• 
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Figu.nl 5: The s•1 6brlck all t:rame". We eom.pute the a dependence 
of the w traJectory cont.ribution to photo:pl'Oducticn. The muses 
µ and M have been set equal to z.e:ro tor convenience. 
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The differential crooo oection at fixed t and 

Wl"lere J. is the w 

d 2· -1 0 w 2 2 JuJ 
a,Q -'j 1¢1 + lril "' s = s 

of' the ui. 

o is by 

Suppose that we exchange, instead of an w, another 

(hypothetical) particle on the w trajectory, a spin-3 w called the 

* w • This particle v~ll couple at each vertex with 2 more indices 

than the w, indices which must be saturated by the four momenta of 

* the external particles. This means that two more powers of s will 

* appeax· at the w m~ vertex with the resul.t that I . 5 
do*dH""S =S w 

2jw*-1 

In general then, do/~1 ~ s 2j-l or equivalently, 

2· 2 dcr/dt ~ s J-

at large s fixed t for any particle of spin 11 j 11 on the w trajectory. 

If we make the Regge pole approximation where we treat the 

contribution of the entire trajectory as one term, rather than 

using individual contributions from each particle that lies on the 

trajectory, we have 

+ dcr -w 
dt 

::: l ( 'rt±(t..) 2 + 
41( w 

where sw(t) is the signature factor, 

2j(J.) ( t )-2 

lsw(L)l 2 ('!-) 
w 

(2) 

* The nUlllber of indices necessary to describe the field of an integral 

f'rpin ri::i.rliP-1P. js jiist P.qnal +.o +.he Rifrn of' the pa:rf;jc1e. 
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-rcc ( t) 
'-'(,J 

1 - e = 2 sin re ,iv_Jt) 

' ' 

of the invariant T matrix, 

T~ = sw(2 s) (s/sw)jw(t) x (l~(t) or ¢~(t)) ."* 

Remember that this is the differential cross section for the photo-

production process leading to final state nucleons of positive 

helicity. With the help of parity conservation, averaging over initial 

and summing over final helicity states: 

If we now put in the trivial isotopic spin analysis, we see that 

Lhe I ::;;; 0 w contributes to physically observed proceisseis with ·;Teightis; 

0 y+p-!>rt +p 

1 

y + n -> rr0 + n 

l 

y+n->rc +p 

0 

* + ~-When working with the general photoproduction formalism, 11- or 'P 

'Will refer to the non-Lorentz invariant helicity amplitudes (where 

do±/ ilil = q/l; [I 11 ± 12 
+ I ¢±\ 2}) • 'When dealing with the Regge pole formal

ism, 11±(t) or ¢±.(t) will refer to the Lorentz invariant amplitudes 

Qefluc::U. a,bovi::. 
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B. The ¢ and p Trajectories 

Because the space-time and isospin structure of the ¢ and w 

are identical, the ¢ pole or trajectory contribution to Dhotopro-

duction is just that given in the sectj.on above with ¢ replacing w 

throughout. Similarly, the section above is also valid for the p 

tro.jectory, but becaucc of' iootopic opin dif'f'crcncco, the wcigh"bo 

to be used are: 

0 y+p->rc +p 0 
)'+n-?1( +n /+:n-:>1( +p 

1 -1 [2 

C. The re Trajectory 

In order to make a gauge invariant calculation, we nru.st 

consider s:i.nru.ltaneously the three graphs of' Figu.re 6 wi.th their 

invariant amplitudes. Since we will be interested in the region of 

t near µ
2

, it may superficially appear that only the pion pole 

diagram is important. 1:1.01-rever, in the y - re brick wail t'rame 

(q = -12),using the Coulonib gauge, the factor E(y)Q that multiplies 
µ µ 

(y) --? -> -~ -~ 
the pion pole gives E Q = E • q_ = - E • k = 0 so that the rc pole 

µ µ 

graph completely vanishes, leaving the two nucleon diagrams to conspire 
2 

to give the well known 1/(t-µ )photoproduction retardation term. In 

this gauge and coordinate system, it is easy to see that the l/(t-µ2) 

factor that will eventually appear in the amplitude has little to do 

with the pion pole diagram, but is rather an effect due to gauge 

invariance and kinematics, the µ
2 in the l/t-µ2) pole referring to the 

mass of the external ~. 

At high energies in the C.M. system, all gra~hs lead only to 

nucleon helicity f'lip (T\::!::. == 0). For example, in the pion pole diagram, 



' ' .. ' t-...... /-~--
y 

r ...... .._ 
.............. ..... 

N 

s 

€<1>u(P) "~. u()) 
µ 2 fi .. M l 

• 

.Pig\U'e &: In order to ma.ke a. gauae inVarlant ealoulation of the "• pole 0 

oontrlbution to pbotoproduotion, we oonaider simu.ltaneou.mly ·thaee three, 
Feyn,tm!Ul graphs with t~hei.r indicated o,mplitudes. 
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the no helicity flip amplitude is proportional to 

y 
5 

-) ) * u(p1 = O. 

Similarly, since the virtual nucleons in the other two graphs will 

possess large energies, there must be helicity flip at the :n:NN 

vertex and no helicity flip at the yNN vertex, that is, net helicity 

** flip. 

Looking for a moment at the nucleon pole in the s-channel, 

-) 

system, and using the Coulomb gauge, we note that 

u c:P1 ) = -: • [a cs, t) ii;_ + b cs, t) :r:21 = b cs, t) -: . :P2 == o 
M 

unless s is in the plane of production. Exactly the same result 

holds for the other two diagrams yielding ¢+ = - ¢-. 

It is amusing to note that jn thP. N--1\f 1rri 0.1~ wR.l l f'-ri:irnP. viheTP. rniclenn 

energies are not necessarily large, there still can only be helicity 

flip f'rom the :n: pole. 

--:; 

+- P2 
N2 1( 

-{ : - - - -

" Nl 
+- pl 

Since the :n: has spin zero incoming and outgoing nucl.eons must spin 

in the same direction, hence helicity flip. 
~f* 

This argument works only when the energy of' the virtual nucleon is 
-large. For large s fixed s the nucleon pole in the s-channel gives 

both flip arid no-f'lip. 
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The energy dependence of the diagrams may now be trivially 

determined. 1'he two nucleon graphs approach a constant at fixed t 

large s Cs = - s - t + 2M2 
+ µ

2). 'The pion pole term looks like it 

goes as Q ,...., {$, but fixed t large s means nearly forward scattering 
µ 

(g~2 # ). -'> 
Therefore the polarization E., being perpendicular to 

the incident ;,is now almost perpendicular to the final pion direction. 

Explicitly, 

E ( r) Q = q_ COS (E: g) ,.._., .fS }-t = ft ' 
µ µ V'S' 

so that this diagram also becomes energy i11,!Jependent. The req_uirement 

that the y ray have only two directions or polarization has effect-

ively reduced the s dependence of the amplitude. The helicity ampli-
2j -1 

tudes go like l/{S and do/@ ~- l/o '- 0 :rt 

If instead of a pion we were to exchange another (hypothetical) 

* particle :n: on the pion trajectory, ·we would no longer need the nucleon 

* graphs to maintain gauge invariance. The :n: pole that would now 

appear in the amplitude would no longer be of kinematic origin and 

wuld contribute to the differential cross section with s dependence 
2j -1 2j -2 

dcr I an ,......, s 1C* , dcr /at .... s :n:* • 

In a gauge invariant but otherwise conventional Regge pole 

treatment of the pion trajectory, we find 
dcr ±. \ ¢±( t) j ( t )S ( t) 12 2j TC ( t) - 2 

~±(t) = o, ¢+(t) = - ¢-(t), :rt = .!.... :n: :n: :n: (~) (3) 
:n: :n: :n: dt 41( (t 2 ) 2 s 

·where 

s (t) = 
re 

1 + e-i.,-r,j:n:(t.) 

2sin:rc~ ( t) 
re 

-~1 re 

j:n:(µ2
) = o, and s:n: is some constant making s/sre dimensionless. The 
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l/(t-µ2) comes :from the kinematics, the µ2 referring to the mass of 

the external :n:. For t ~ µ2, the pole that comes from l/sin :re j (t) :n: 

is cancelled by the j:rc(t) factor in the numerator leaving us with a 

kinematic singularity in the cross section. For t ouch that j ( t') = 
1( 

2, 4, • • • the cross section receives a pole in the usual manner 

through the l/sin :n: j (t) term. Finally, 
:re 

= 
da t 

1( 

dt 

The n trajectory contributes to physically observed processes with 

weights: 

y + p _.,, 1(0 + p y + n -> :rc0 + n r+n->:rc +p 

0 0 -12 

Combining the w, p and 1C trajectories, we may write 

ji-1 jk-1 

E Re s~ S (~) (~) (Dt Dt + ¢}: ~) 
i,k=w,¢,p,n 1 k si ~k 1 k i k 

l 

'Where: (a) the amplitudes Di' ¢i are presumably real for physical 

values of t in the s-channel; (b) ¢±stands for¢! j /(t-µ2); 
1( 1( 1( 

(c) da±/dt is the cross section for scattering into a final state 

:n: and pooitive 

( 4) 
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helicity nucleon. Parity conservation gives the negative helicity case. 

For an unpolarized y-ray beaJl1 and target, 

dcr 1 (dcr+ dcr-) 
we have d.t = 2 d:t + dt • Note that 

dcr+/dt is no longer equal to dcr-/dt in the reactions y + p _,.re++ n 

and y + n -> re - + p because while ri + = Tl - and cf:_ = ¢-, we also have 
p p p p 

A+ dcr+ do·-
~rc = - ¢~. The difference at - dt is therefore just a measure of the 

interference between the pion trajectory and the helicity flip parts 

of the p trajectory. 

AB has been indicated by Gell-Mann(l) and Gribov and 

Pomeranchuk( 2), it may not be unreasonable to suppose that ri(t) and 

¢(t) can be factored and looked upon as the product of two t-dependent 

cou:plings of the Regge :pole to the NN and 11'.'l "'! Then,, we may write 

i1+(t) = TjNi(t) ,+.(t) 
1 1 

i . 
riN and ¢~ may be determined independently from rc-N or N-N scattering. 

i r.{i With the conventions we have chosen, ·~N and l"N are identical to 

( "") i 1 
Wagner 1 s 

0 
1')N and ¢N. 

D. Polarization of' the Recoil Nucl~on 

Let 1± and <f:- be helicity amplitudes with the final nucleon 

having negative instea~ of the .. c."Ustomar-.;r positire helicity. Also, 
ll of ·th~ ·tit1/:'..l '"'c.L'(,111 cir: I: _x. Ii~ a.:c:>.1:1 
l;p ....,. ....,. .... ' 

let z
2 

be in the d.1rec't1onl\pl x l?
2

, peI-pendic.:ular· -to the production 

plane. Then, if "a" and "~" are the amplitudes for the recoil nucleon 

to have + and - helicity, the expected value of the spin in the y2 

* direction <.s > is Just t, s ) = Im a a. From this imrnedl.a.tc:ly 
Y2 Y2 

follows, for example, 

·:+ 
Because of gauge invariance, there are additional complications 

for the ~ trajectory. 

(5) 
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T} 
+* 

l,l 2 

where the superscript 1, 1/2 indicates that we are dealing with 

:i.n:iti.cil Rtates of' photon anc'l ·m1cl_Ron helicit:ies of' land 1/2 • 

. . . + + ,.;!- r1.+ * Parity conservation yields 11- = - :!l , y;- = ~ • Using this result 

and working out the four possible initial helicity combinations, we find 

( 6) 

-1,1/2 1,-1/2 
/ s ' =(s ) 
" y( y 

2 -2 = k do ~·1,1/2 
<fan 

where 

* For phase conventions, see: N. Jacob and G.C. Wick, Ann. Physa 7, 404 (1959) 
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Polarization of the recoil nucleon resulting from unpolarized initial 

particles is then trivially 

1 [< ) 1,1/2 -1,1/2] < S ) = - S + (S ) 
Y2 2 Y2 Y2 

In ter.ms of the Regge pole parameters, 

dcr 1,1/2 
j -1 j -l 

<.s I 1,1/2 1 s;~k (:) i k 
I: Im (~) + ¢-

dt = 4rc 111 k Y2 i,k l sk 

(7) 

1 1/2 ji-l 
-1 1/2 dcr- ' 1 " ~*i' (-s ) <s ) ' - = 4 /.., Im si.sk 

Y2 dt ~ i,k Si 

where 
da"tl,l/2 _ dcr-.!:: 
dt = dt has been given in equation 4. 

-TJJ. '11RA,JF.CIDRTR8 DJ TffR R CHANNF.T, - BACKWARD PHOTOPRODUCTION 

The s and t channels are qualitatively different in many respects. 

If, for example, we look at the nucleon pole exchange diagram for 

large s fixed s, a.;;; lmlicaLed in Figure 7, we oee that even though an 

incoming nucleon N1 of definite helicity, say +1/2, couples only to 

(1 + y5)N, (1 + y5)N will~ be a helicity eigenstate of N (since 

2 s need not be large compared to M ). Consequently, when (1 + y5)N 

propagates to the N2Ny vertex it arrives with ·both components (1 + y 5)N 

and (1 - r5)N, giving rise to helicity flip and no flip, regardless 

of vihether the r-ray is coupled to the charge or the anomalous magnetic 

moment of the nucleon. This situation is very much more complicated 

than a consideration of the same diagram for large s f'ixed t --

see Section II.C, "The :rr Trajectory". There, s was :rrru.ch greater than 
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Na ,,. 
I 

I 
I 

I 'K I 
I 

! N 'y. 

I 
s 

11&\lft 7t The nualeo.a. pole in the i obMMl. Beeauae tlae Y1riu&l 
nucl.eon enera:r i• not neceaaari.ly J.arp, 1blple rela'tiouldpl betwen 
the belioity mplitudea do not ex18t. 
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2 
M so that (1 + y, )N l'"e:prP.sen+.ea a clef'init.e helidty state of' N 

;:) 

which remained fixed as N propagated to the N~y vertex. 

Another difference between the s and t channels is to be 

found in a peculiar s;y:rrn:netry. Consider for the moment the process 

/ + N -71{ + N described by the S matrix element 

< :P2 E2 h2; q w I s I k k h; p~ El hl) 

-where h, ~' h
2 

are the signs of the helicities. Viewing this 

reaction as it proceeds backwards in time, we write 

Using invariance under strong (or Schwinger) time reversal T and 
s 

charge conjugation we obtain 

where, for example, 

T
6 

f -p
2 

-E
2 

h
2 

particle) = -h
2 

A*\ ; 2 -E2 h
2 

antiparticle I , 

* * A is a phase factor taken such that A "'A = 1. In terms of our 

previous notation, 

Tl~ (-fa) =Tl'! (G ), f- (-6) = - rf:. (iS ) . 

Since the s and s channels describe essentially the same reaction 

(8) 

(Figure 1), any synn:netry present in the variable {$ will have its 

counterpart in rs . This synnnetry in the~ variable will be made 

more explicit below. 

A. The Nucleon Trajectory 

Because of gauge invariance we must consider the same diagrams 
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that were given in Figure 6, but this time for large s fixed s. 
The nucleon pole in the s channel will dominate in the C.M. system 

giving an amplitude T that goes like sl/2 = sjN. For a general 

"particle" of spin j on the nucleon trajectory, T rv sj, ~~ rv s 2
j-

2
• 

Unfortunately, the remaining properties of this trajectory 

are rather involved. We shall only state the results, leaving the 

verification to the appendix. 

The helicity amplitudes may be w.ritten as 

-7 -i J2 s r µ2:M A + A _ A J 
~ 16~ L s 2 3 4 

-i s1! G ~ - (M2 + ii) A4 + ~ (A3 + A4)] - TJ 

(9) 

- * 'Where the A. 's are scalar functions of s, t, s. The three possible 
1 

isotopic spin indices have been momentarily suppressed. The A.' s 
1 

are convenient to -work with because they obey simple crossing relations. 

In the Regge pole approximation, 

[ 

a+ 
+ - s -

A_ = - W s (-) a + W s 
--i - + s + + -

N 
a + Ms (~) 

- + SN 

a -1 a -1 

[
- (~) + b+ - ( s ) A2 = + W s + W_s_ -

- + + SN SN SN :~ J 

a 
+ 

b +Ms 
+ -

a 

(10) 

*The A.'s are identical to those of: James Stutsman Ball, Phys. Rev. 
1 

1241 2014 (1961). Also, ~ 2 3 4 
= A,B,C,D of CGLN: G. F. Chew, , , ' 

M. L. Goldberger, F. E. Low, Y. Nambu, Phys. Rev. 106, 1345 (1957). 

See Appendix I f'or the def'inition of' A. (A(+)(-) COJ). 
1 i 
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a a a 
b 

a 
b2-J A3 = + [ S+ 

+ + -(_§_) a + S (_§_) a + s (__.§_) __± + s (_§_) 
SN + - SN + SN 2 - SN 

(10) 
a: -l 

b 
a: -l 

b + -
A = - A + ( s - 1i2) [ t; ( ~) + + s (~) s~ J 4 3 - + SN SN SN 

where the : subscript on the functions indicates that the variable is 

-::If' e.g., 

s+ is the nucleon signature factor equal to 

W =+Fe +M, + -

-i1l'Ct 
+ 

l+e -
2 sin :no:+ ' 

and sN is some convenient (mass) 2• The '±' sign multiplying all 

expressions in brackets relates to isotopic spin and crossing synmietry. 

The top sign is to be taken for the amplitudes A. (+),(o), the 
1 

bottom for A.(-), 'Where (+), (o), (-)are isotopic spin indices. 
1 

Note that the A. are even under the interchange ft ~ -JI as 
1 

dcrN 
expected. The cross section goes like 

a.S 

* * B. The N3; 2+ and N
112

- Trajectories 

* Because the N1; 2- has parity opposite that of the nucleon, but 

one unit more of spin angular momentum, the results for the N trajectory 

* may be carried over directly to the N
112

- case, changing the signature 

* from + to - and replacing N everywhere by N1; 2- • 
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To obtain the results for the from the N, again we 

mu.st change the signature from + to -, and because the parities are 

the same ·while the spin differs by one unit, -we must exchange the 

subscripts ~ on t, a, a, and b. The subscript on W remains the same. 

* Then, vre replace N by N3; 2+ throughout. Finally, differences in 

isotopic spin must be taken into account. For details, see Appendix 

rJ". A,B. 

Kycia and Riley( 4) have recently indicated the possible exis

* tence of another Regge trajectory N3; 2- that vrould be responsible 

for a "shoulder" and bump in 1C-N scattering at total center-of-mass 

energies of 1650 and 2360 MeV. If this trajectory does exist, it 

would contribute in a form. identical to that of the 

'With opposite signature. 
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DJ. Conclusions 

For the trajectories considered in this paper, the real part of 

j(t) or j(s) has been plotted as a function of t ors in Figures 8 and 

9. The straight line approximations to the trajectories should not be 

taken too seriously. They will only be used for order of magnitude 

calculations. More accurate results will have to await a determination 

of the trajectories from ~N, fur, NN scattering experiments. 

Only the n and p trajectories contribute to the fer-ward production 

of charged pions. If we use the extrapolations to t ~ 0 given in 

Figure 8, we see that the p trajectory should dominate at high energies. 

Since j(t ~ 0) ~ j(µ 2
) the pion trajectory is expected to act much 

like an ordinary pion pole. For small negative t~ the pion pole con-

tribution is large since the pole is very close to the physical region. 

This, in addition to the fact that the ~NN coupling is much larger than 

the pNN coupling, would indicate that the pion trajectory remains 

important up to very high energies, at least for small momentum 

transfers. Since the ~ trajectory gives rise only to helicity flip, the 

p contribution could in principle be isolated by a study of the no helic

d + dcr-
ity flip part of the amplitude. The quantity aZ - dt gives a 

measure of the interference between the pion trajectory and the helicity 

flip parts of the p trajectory. Unfortunately, high energy polarized 

r-ray beams are necessary to measure this interference. 

In the intermediate energy region where both the p and n are 

important, averaging over initial and summing over final polarizations, 

we have 



p 
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Figure 9 

The nucleon trajectories that are used to determine the behavior 

of large angle photoproduction. The dots at 1/ 2 integral spin 

represent the N and 1rN resonances. Only the positions of the N 

* and N have been experimentally confirmed. Some evidence exists 
3/2+ * * 

indicating that the N and N are to be plotted as indicated. 
l/2+ l/2-

The rest of the graph is total conjecture. However, since the same 

set of trajectories are to be used in ~-N scattering, backward 

~-N scattering and backward photoproduction are expected to have 

the same energy dependence in the Regge pole approx:i.Jnation. 
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-t:; -I > 
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-iJtj (t) 
1 - e 0 

2 sin nj ( t) 
0 

2 ) 2j ( t) - 2 

1'2(t) ( ~ o 
~ s p 

-irej (t) 
1 + e 

j( 

j_.,.(t) 
J~ 2 sin re j ( t) re 

where in terms of our old notation, 

= = 

+ 

To test the theory, we take everything essentially constant except for 

the factors 

1 
2 ' t - µ 

2j ( t) - 2 
(~) p 
s 

p 
and 

2j ( t) - 2 
(~) 1( 

s re 

We then plot do log< dt > verses t for fixed s and try to fit the data 

with the formula given above. In the region where one trajectory 

dcminates, we may write 

~ s log< dt > = A + B(2j(t) - 2) log(~) 
M 

-wtlere A ana R a.re const.ant.s j f' we keep R:way f'rom values of' t. over which 

the 1£ pole varies rapidly. We expect j (t) :::::;- 1/2 ' j (t) ~ 0 with 
0 1( 

both j's decreasing with decreasing t. 
do A plot of log< dt > versus t 

for fixed s should give j(t) directly~ Because the sign of B is 

positive, increasing s should make the curve fall. Also of interest 

do s would be a graph of log< dt > versus log< s > for fixed t. 'Ill.is 
0 

should turn out to be a straight line "With decreasing slo-pe for 

decreasing t. For high enough energies, the 
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p dominates giving a cross section for forward scattering that we 
dcr 2j (o) - 2 1 

roughly estimate to be - ....... s P :::::::: - • 
dt s 

A study of the pion trajectory at high energies is of interest 

because of its effect on the Drell process. In 1960 Drell indicated that a 

great number of strongly interacting particles might be produced with a 

high energy / ray beam. The important diagram for the process was 

single pion exchange: 

re \ 

" \ re ,_ 

'Y ! N 

Because the rr !:JOle is so close to the !:Jhycl<.;al n:::glun, Lhe um:: plun 

exchange contribution is expected to be large despite the presence of 

an electrcmagnetic coupling. It is through this mechanism that the 

Stanford linear electron accelerator will produce beams of strongly 

interacting particles. In the Regge pole approximation~the pion 

exchange contribution is damped by an amount depending sensitively on 

j ( 0). 
11'. 

Because j1t(O) is nearly equal to 
l"'I 

j (µc) , Regge pole e~fects 
1( 

may become important only at very high energies. Because j (0) as 
1( 

well as the parameter s are presently not well known, a reliable 
1( 

calculation of the damping is impossible. 

For rc 0 photoproduction, the p, w, and ¢ trajectories contribute. 

Presumably the ¢ is least important, but this is still uncertain because 

extrapolations to t = 0 are unreliable. The data should be analyzed 
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+ 
in a manner identical to that of rr.- photoproduction. We expect 

do 
dt 

2j ( 0) - 2 
s 0 

2j ( 0) - 2 w 1 ;::::;: s ;::::;: -
s 

In the backward direction the situation is much more complex. 

There are many trajectories, and in addition to the usual uncertainties 

-
of linear extrapolations to s ~ 0 , there is also the question of 

* 'Whether to include the N
3
-;

2 
trajectory. There is, however, one 

interesting conclusion that we may draw. Since the same set of 

trajectories are to used in rr. - N scattering, backward rr. - N 

scattering and backward photoproduction are expected to have the same 

energy dependence in the Regge pole approximation. If we forget about 
1(-

th~ N
3
-;

2 
trajectory, 'Whose existence is presently highly speculative, 

and assume that the 
do 1 

* N3+;2 trajectory dominates with jN;+/
2

(o) ""o, 

then --:: nJ ~ 
ds s 

We might test the hypothesis that 

be factored into 

by the simultaneous study of 

y+N~rr.+N rr.+N ~ rr+N 
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The procedure is to experimentally extract the CJ contribution from each 

process; by assuming that all residues factor, we may obtain a consis-

tency check (see Preface, pg. v). It is interesting to note that only· 

* the p and rr t.rRject.o-ri ~s contribute to the react.i om:i p-rndn('i ne; N 
0

..J-/ 
2 

. 

Furthermore, at high energies and not too small momentum transfers, 

the p dominates in all processes except rt + N ~ ~ + N . 

Finally, we will briefly indicate the effect of a cut in the 

J plane. Its contribution to the T matrix will have the form of a 

superposition of poles: 

T 
c 

j 
(~) dj 
s c 

where g(j,t) is expected to be a slowly varying function of j com-

s j 
pared to (-) • s c 
take j 2(t) , j

1
(t) 

s c 
is some convenient constant. To be specific, we 

real with For large s, 

if log(!!_) > > 1 • If a conoideration of cute is important in the 
s c 

photoproduction process, it is clear that any comparison between theory 

and experiment becomes extremely difficult. 
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Appendix 

* I. The T. Matrix and the Invariant 

The T matrix describing the three processes represented in 

Figure 1 may be written in the form 

4 

\- [ (+)( -) (+) (-)( -) (-) (o)( -) (o)J Tt3 = ~ Ai s,t,s g t3 +Ai s,t,s g t3 +A i s,t,s g t3 Mi 

i=l 

where ~ = iy5 ft "t 
M2 = 2ir5(P • EQ · K - P · KQ · E) 

M3 = r5(f. Q · K - t Q • E) 

M4 = 2r~(J P · K - t P • E - iM l t) 

with E denoting the photon polarization and P: ~ (P
1 

+ P 
2
). Note that 

each M. is gauge invariant. The M's contain the spin structure of the 
l 

problem -while the isotopic spin 1nf'ormat1on is contained in Lhe g' c, 

where 

g( o) - 'T" 

t3 - .t3 

'Ihis isotopic spin form is in part determined by requiring that 

be in variant under rotations about the 3 a.xis in isotopic spin space. 

'Ihe specific structure of the g's then follows by asking that the g's 

* 'Ihe notation and most of the results come from 

CGLN and loc. cit. 
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be either Hermitian or anti-Hermitian. This latter requirement is c~ly 

a n2·tter of convenience but will result in simple crossing relations for 

the A's. The index ~ labels the outgoing pion, -while the T matricies 

operate on the isotopic spinors of the nucleons. We have 3 g's because 

this is number of linearly independent matricies necessary to express an 

arbitrary large product of and 
~ ~ . 
't" • 't" matrices. Table 1 

indicates -what values are to replace the g's in any given physical 

process. 

Table 1 

0 
y+~ +p y+I}-')J"Co +n y +p--7It + +n y+n-~rr- +p 

+ 1 1 0 0 g 

g 0 0 f2 -.f2 
0 

1 -1 ff J2"" g 

rrhe unkno'WTl dynRmi cs of' the problem are contained in the twelve scalar 
(+),(-),(o) 

functions A .(s,t,s) Crossing synnnetry tells us that 
1 

(+),(o) (+),(o) (-) (-) 

A (s,t,8) A (s, t, s) A (s,t,8) -A (S',t,s) 
1, 2, 4 1,2,4 1,2,4 1,2,4 

(+),(o) (+),(o) (-) (-) 

A
3 

(s,t,s) -A
3 

(s, t, s) A
3 

(s,t,s) A
3 

(s,t,s) 

With a spinor normalization of uu = 1, 

do 
dD c.m. 

= 
M

2 
q I Tl 2 

161(2 ~ -s- ' 
lab 

1 M 

(41t)2 k (M+k)q-wkcose 

(11) 



-35-

II. The Helicity Amplitudes. 

+ 1..< _+ The connection between A. and the helicity amplitudes ~ -, ~ 
l 

is rs.ther involved. If we define F. and '=f . by 
l l 

Fl = Al + ( ) t - 1 
W - M A4 - 2(W - M) (A3 - A4) 

8rc W T1 
= W - M (E2 + M)l/2 (El + M)l/2 

(12) 

F2 = ( ) t - 1 
-Al + W + M A4 - 2(W + M) (A'?i - A4 ) 

Ehr W 
(E'.? + M)l/2 T 2 

= 
W - M (El + M)l/2 q 

8rc W 
= W - M (E + M)l/ 2 (E + M)l/2q 

2 1 

F4 == -(W + M)A
2 

+ A
3 

.;. A
4 

8rc W 
(E + M)l/2 

2 ~ 
= 

W - M (El + M)l/2 2 q 

-where W = ~ • 

We then have 

i 
= sin e cos ~ (t 3 + ~ 4) 

(13) 
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0+ = i sin e 8 
( ~"? - ~4) sin 2 ff :J 

¢- i {2 e 
(fl - 1='-2) ~+ = cos 2 -

For fixed t large s, we may simplify to obtain 

Tl ~ i ff V-t [ µ~ A2 + Vs (A3 - A4) 1 16:rr Vs 

+ 
~ 

-i ff r-t[ ~ Al -
(t - 1) A

3 
+ fS A41 Tl B:rr Vs 2 Vs 

-11-

t [vs (A3 - A4)] 

(14) 

rr- ~ 
-i ff M 

A +-16:rr 2 {S 

¢- iff[rs Al -
M(t - 1) A Mt 

A4] 
- ¢+ ~ +-8:rr {S 3 Vs 

For fixed s large s, the corresponding relationships have already been 

given in equation 9. 

In terms of the helicity amplitudes, 

+ 
dcr-

a:n c.m. 

III. The t Channel: +rc~N+N 

2 + 2 
+1¢-1 

The invariant A amplitudes simultaneously describe the three 

physical processes / + N ~ :rr + N, y + :rr ~ N + N, and 

y + N ~ :rr + N (Figure 1). Resonances in any one of these 

channels effect all three. We will now consider w_, ¢.·, p and :rr exchange 

in the t channel and their influence on forward high energy 

photoproduction. 
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' I 

It is convenient to introduce pl and Q ' the four momenta 
I l 

of the antinucleon and pion. Then, we have p = 
1 -Pl' Q = -Q. 

, , 
In terms of pl and Q we may write in the c.m. system 

I 2 M2 s - -(K - P1 ) = 2Ek 2 pk cos e 

T 

+ K)2 ( 2E)2 (l5) t - -(Q = 

s - -(P2 - K)2 = M2 - 2Ek + 2 pk cos e 

I 

where p and k are the magnitudes of the nucleon and photon momenta, 

E the LuLal energy of' the nucleon, and 
t 

cos e 

k 
t - 1 = 
2 ft 

p 1 /t - 4M2 2 v 

In terms of' t, 
I 

pk 

If we write the differential cross section for y + ~ ~ N + N 

in the c.m. system as 

= 
I 

(p/k ) 
2 

l ~ GYj I where 

~ ~ ~ T 

(icr • k x Efk )G4 

and ~'YN are nucleon and antinucleon Pauli spinors, then the Gi may 

be decomposed into 
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, 1 

G = ( J + l/ 2) f3 j p J ( x ) 
1 

1 { a; [ JP" J + 1 ( X I ) + ( J " (x,)] G2 =-2 + l)PJ-l 

( 2J + 1) 
+ 11 

(XI)} (16) + a3 PJ 

1 l a+ [ II 
f 

,, 
(x r)] G3 = 2 LJ JPJ+l (x ) + (J + l)PJ-l J 

" I + ' (x') 1 - (2J + l)a; PJ (x ) - (2J + 1)13J PJ 

- ~ LJ \_ a+ [ JP;+l 
I 11 

(XI )J - ( 2J + 1 )a; p; ( X I ) } G4 = (x ) + (J + l)PJ-l J 

Isotopic spin indices have been suppressed. The amplitudes a and (3, 

which are f'unctions oft, have the following physical significance: 

a; and ~; lead to triplet nucleon-antinucleon final states of 

pariLy J 
(-1) C::Lrnl L.uLa.l a.ngu.lti.r: momentum J. Triplet final states 0£ 

( )J+l - -parity -1 are represented by aJ' while ~J leads to a singlet 

(-l)J+l • final state of angular manentum J and parity 

For the NN system, 

(-1)1+1 parity P = 

(-l)L+S+T G-parity G :::: 

'Where L,S,T arc the total orbital angular momentum, spin, and isotopic 

spin of the NN. Hence, both the p and w contribute only to the triplet 
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state, "While the rt must lead to a singlet system. Consequently, the 

p and w excite a; and ~~' While the rt contributes through ~~ • I~ 

general, a particle of spin J on the p or w trajectory would enhance 

+ + aJ and ~J' while a particle on the rt trajectory would contribute 

only through ~;. 

In terms of A., 
1 

= 

High energy photoproduction will be governed by A. for large 
l 

I 

s or equivalently, G. for large x (see equation 15). As the series 
1 

t 

given in equation 16 do not converge for large values of x , a 

(17) 

Sommerfeld-Watson transformation will be performed. 'Ille summation over 

J will be replaced by a contour integral in the complex angular momentum 

plane. 'Ille contour will then be deformed to obtain the required 

asymptotic expansion for the scattering amplitude. In deforming the 

contour, contributions to tne G's from poles and cuts in the J plane 

will be picked up. As a crude approximation we will consider the pole 

ter.rns corresponding to known physical particles. However, it is most 

probably that a satisfactory explanation of high energy photoproduction 

cannot be obtained in this fashion and that cuts in the J plane cannot 
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be disregarded. Since there is presently no information about the 

positions of, or the discontinuities across, the cuts, we will confine 

oursclvea to the Regge pole appro;;::L"llation. 

A. The 

With the help of equations 16 and 17, 

A(+)(-)(o) 
2 = 

32rc G ( +) ( - )( o) 
1 

1 
2 

t - µ 

1 
-hrj (t) 

j~(t) + e re 
H 2 sin rcj ( t) 

1( 

(+)(-)(o) 

a(t) 
j ( t )-1 

(~) 1( 

s 
1( 

"Where we have taken the liberty of absorbing the l kinematic 

~t - 4M2 

factor into a(t) since we know on physical grounds that A2 cannot 

blow up at t = 4~. There is still same question as to "What should be 

done with the 1 
2 

t - µ 
As a guide we examine A2 in the pole approxi-

mation (Figure 6}. The result is 

A~+)(o) = t-:gµ2 ( s ~ M2 + S ~ ~) = 

= 

eg 
2 2 2 

(s - M )(M + µ - s - t) 

2 2 
2s + t - 2M - µ 

2 2 2 
(s - M )(M + µ - s - t) 

where e and g are the rationalized and renormalized electric charge and 
2 1 2 

pion-nucleon coupling constant: :rc = 137 , ~re ~ 14. Note that 

1 2 
~~-,,.2 , the kinematic pole (the µ refers to the mass of the external re), 
t - µ 
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is only present in A~-) , and that for large s, A(+)(o) << 

(+)(o) 
that to the approximation in which we are working, a ( t) - 0. 

In (-) 
Ar- , for 

c:. 

just cR.nceJs the pole 

2 t;::::;: µ the zero of in the numerator 

1 1 
sin rcj (t) 1 leaving the kinematic 2 

1( t - µ 

factor that is responsible for the observed retardation effect in 

photoproduction. 

Since the amplitudes A. 
l 

receive contributions, in the sense 

so 

of dioperoion rela.tiono, only from rea.l intermediate eta.tee, the 11 pion 

polet! must appear in our formalism as a kinematic singularity (the 

coupling of 2 real rc 1 s to a y must vanish). If we relax the condition 

of gauge invariance, then real re intermediate states will become 

possible, but new amplitudes B. 
l 

will have to be introduced to describe 

the process. The B. will contain no kinematic singularities and will 
l 

receive ordinary pole contributions from real intermediate ~'s. If we 

now impose gauge invariance on the B., not all the B. will be 
l l 

independent and equations of the form (s - s) B2 = 2(t - µ
2

) B
3

, 

:might reisuJ.. t. In then relating the A. 
1 

to the B., we would :f'ind the 
1 

appearance of a 1 
2 

t - µ 
pole that is not related to any real intenne-

diate state. The 1 
2 

t - µ 
term may thus be looked upon as a kinematic 

* effect or a result of gauge invariance. 

* For details concerning gauge invariance and the Mandelstam 

representation, see Ball, loc. cit. 
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Also at t ~ µ
2

, the unknown fUnction a(-)(t) is determined 

to be 

Using equation 14 we obtain the helicity amplitudes in terms 

of A~-) : 

1vhich then directly verifies the claims made in our early discussion 

of' the pion t-raje~to:ry (II.C.). 

B. The p Trajectory: 

Here we find: 

jp(t)-1 40) = -~p (t) tb (t) (SS) 
p 

jp(t)-1 

A~o) = SP(t) b(t) <;) 
p 

~o) = o 

. * Th.is may also be compared ID.th the pole approximation: 

A(O) = 0 
3 

(18) 

* M. Gordin, D. Lurie' , and A. Martin; Nuovo Cimento 18, 933 (1960) 
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\;here the exchange diagram has been written as 

(orny vertex) x nro:pagator x (oNN vertex) = y E(r)K Q E -l 
.!::' µ:rrr o: f:3 "r af:310 

t -

* 

The index µ on the Tµ labels the outgoing pion. 

In the vicinity of t = m2 , breaking j up into its real and 
p p 

imaginary parts 

we get 

n E. 
p 

c(m2) __ P_ 
1t' € p 

I /E p p 

= l P1C7'Y 2pNN 

= m r p p 

where near the pole we have used 1 
2 

1 
2 

t - m -p 

in equation 18. 

t-m +imr 
p p p 

instead of 

* The T comes from assuming an isotopic spin interaction of the form 
µ 

A(p•;r) (p•N { N). Here we may say that the electromagnetic field 

behaves as a scalar in isotopic spin space and that the total inter

action is invariant under rotations in this space. The isoscalar 

photons 'Which this field A creates will then have de~inite properties 

under G parity identical to those of the w and will contribute only 

to A~o). Another interaction (p x ;.() A= (p x ;r) •A which treats A 

as ~ isovector and would contribute ~o A~-) , gives zero since under 
J. 

G parity an isovector r behaves as a p, and the pp~ vertex vanishes. 
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Using equations 14 we immediately arrive at the p contribution 

t dcr . . t. 4 o dt given in equa ion • 

C. The w and ¢ Trajectories 

The w and ¢ are handled exactly as the p. Due to isotopic 

opin differences, however, they contribute to A(:) instead of A(?). 
l 1 

A13 a side comment not dealing with very large photon energies 

we would like to note that besides the p, w, and ¢, non-resonating 

(nr) intermediate states may be easily included. For example, in 

the p channel instead of equation 18 it would be more accurate to 

write 

~o) = t l 72pNN 
I' (nr )1(')' 

72(nr)NN ~ )'prey 2 
t - m I' P1Q' p 

A (0) \ 
7

2pNN I' (nr ~n/ 
72(nr)NN 1 2 = -)'prry 2 

t - ill 7 Pn/ p 

where everything inside the braces is known :from measurements of the 

nucleon form factors except y(nr)rcr represents some kind 

of an unknown effective -coupling between-non-resonating intermediate 

states and the 1Lf o Attempts to fit certain photoproduction data 

using the isovector nucleon form factors have been carried out by 

Hohler and Dietzo( 5
) Unf'ortunately, the expressions they use for 

* are incorrect. If these non-resonant effects are observable, 

* In terms of our notation, their solutions for ~01 are 

A(o) = Y { t 
7 

2pNN _ J A (o) =-r Prcrr 2~NN 
---i P1C'Y 2 ?' 2(nr )NN 1 2 2 

t-m. t-m 
Physically this 

makes no sense becau~e the coupling rrri~) is missing. Formally it mu.st 
be in error because it does not satisf""y ...... C1-{'n::: ~ + tA2 = 0. Their mistake 
comes in using.an approximate unitarity relation in a region "Where it 
no longer applies. 
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they should show up at large t (for example, backward scattering with 

incident y energies of 1 to 1.5 Bev). 

IV. The s Channel: r + N --7 1( + N. 

We wish to find the effects of particles (or resonances) 

exchanged in the s channel on high energy scattering in the s channel. 

First, we will put the particles in the s channel. Then, by making 

use o~ the crossing relations given in equations ll and switching 

s ~ s we will end up with amplitudes representing particle exchange 

in the s channel. 

A. The N Trajectory: 

The functions-:+'. defined in equations 12 admit the following 
J. 

angular momentum decomposition. 

"f1 = l [eM.e+ + E.e+ J P~+l (x) + [C£ + l)M.e- + E.e_] P~-l (x) 
£=0 

f 2 = l [(.e + l) M.e+ + tM2_] P ~ (x) 
£=1 

"f3 = I [Et+ - M.e+] P~+l (x) + [E.e- + M.e-] P~-l (x) 
.e=l 

".\='4 = I [M.e+ - E.e+ - M.e- - E.e_ ]P~(x) 
£=1 

M,e+ and Et+ are energy dependent amplitudes describing transitions 

initiated by magnetic and electric rrru.ltipole radiation leading to 

(19) 

final states of orbital angular momentum ,e and total angular momentum 

.e ~ 1/2. 

Consulting Table 2 we see that the nucleon contributes to 

~- and that other particles on its trajectory would excite E3_, 

M3_; E5_, M5_; ••• The amplitudes E.e+ and Mt+ may not be neglected, 
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Table 2 

Total Total e cf' i b1de 
Multipole J parity Jt'·-N system effected 

El 1/2 0 

11 3/2 2 

Ml 1/2 + l ~-
II 3/2 + l Ml+ 

E2 3/2 -I l F.1+ 
,, 

5/2 + 3 E3-

M2 3/2 2 M2-

II 
5/2 2 M2+ 

E3 5/2 2 E2+ 
II 

7/2 4 

M3 5/2 + 3 M3_ 

ti 7/2 + 3 M 
3+ 

E4 7/2 + 3 E5+ 

II 9/2 + 5 E5-

M4 7/2 4 M4-
II 9/2 4 M4+ 

E5 9/2 4 E4+ 

ti 11/2 6 El" 
o-

M5 9/2 + 5 M5-

II 11/2 + 5 M5+ 
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however, because of the oyrruuetry 

ri:(w) = 11"t(-w), (-(w) = - f.:(-w) 

which, in terms of the multipole states, takes the rather complex 

rorm: 

M.f+(W) = .e!l [ (£ + 2) M(£+l)_(-W) + E(£+l)_(-W)1. 

E£+(W) = .e!l [M(.e+l)-(-W) -£E(£+l)-(-W~ 
If we use equations 20 to eliminate M£+ and E£+ from equations 19 

we obtain 

(8) 

(20) 

f' 2 (w) = I .&M£_ (W) P; (x) + I [<.e + 1) M.e_ (-w) + E £_<-wJ P ;_1 (x) 

t
3

(W) = "f4 (-W) 
(21) 

i='.4(w) = -2JM.e_(w) + E.e_M] P~(x) + 2JM.e_(-W) + E£_(-w)J p~-l(x) 

The relations 

may also be directly verified with the help o:t' equations 12 along with 

----------

When we eventually switch s and s, x will become x, the scattering 

angle in the s channel, and P .e (x) above 'Will be replaced by Pt (x). 

* These equations also follow directly from the synrrnetry 

ri"t(w) = 11"t(-w), f-(w) = -¢°t(-w) 
and equations 13. 
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-High energy backward scattering in the s channel will mean large x 
/) f; 

so that P£(x) "V X.N l'V s • Consequently, it will be legitimate at this 

point to forget about terms rrru.ltiplying P ~-l in l=' 1 and+ 2, and those 
II 

rrru.ltiplying P~-l in ""f3 and "'f'4• 

Using equations l2 -we may solve for F. in terms of +., and 
1 1 

; S) [:~ - ::11 
:;l\ 

"Where W = W + M. If we now apply the crossing relations given in 
+ 

(22) 

equations ll, ~o to the limit of large x by performing a Sommerfeld-

Watson transformation and, pick up only the nucleon trajectory as 

a singularity in the angular momentum plane, -we arrive at equations 10. 

In the pole approximation, suppressing isospin indices, 

A ~~ R 
3 3 

1 
- 2 
s - M 

l 

= + eg f l + 
- 2 ~ - M 

l 1 1 

-~ - M l 2M 



-49-

where the upper (lower) sign is to be taken for A's even (odd) under 

crossing. 

R~+)(-) = R4(+)(-) = - ! g (µ~ - µn) 

R(o) = R(o) = _ ! g (µ1 + µ ) 
3 4 2 p n 

, e e 
'With µp = 1. 78 2M and µn = -1.91 2M 

Comparing this -with eq_uations 10 we find 

b(+)(-)(O)(M) 
N 

b ( + )( -)( O) ( -M) 
N = = 

1C € re E 
+ 

~ + )( - )( 0) (M} ~+)(-)(0)(-M) 
= = 

1t' E+ 1C € 

-where 

eg 
4M2 

R(+)(-)(o) 
3 eg 

2M - BM2 

a :: j (JS) - 1/2 ~ ( {S - M) E for ~ ~ M 
+ + 

a_::: j(-.fs) - 1/2 ~ (-JS - M)E for .JS~ -M 

· Simi 1 ar fon:m1lafLmay;_;_bJLJ:Zrilien.~w at · -s · :.::::-.ifi9D Me.V, .the 

** . mass of the N
1

; 2+ Which is the next resonance on the nucleon trajectory. 

* * B. The N
3

; 2+ and N1; 2- Trajectory: 

* Consulting Table 2, we find that the N1; 2- trajectory 

L:U!.!.Lrl1.ruLeo Lh.L·uuJ..lh 1=i! M • E M • 0 ~2-' 2-' 4-' 4-' Thh; mea.ns thctt the 

results obtained for the nucleon case may be used directly with only 

a change of signature. 

* Again from Table 2, the N3; 2+ trajectory excites El+' ~+; 

E3+' M3+; • • • We now nru.st eliminate the E £- and M,g_ amplitudes :from 
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equations 19 using equations 20. The result is 

'f 1 (W) I ~M.e+ (w) + E .e+ (w) J ' = p£+1 + 

i:: 2(w) = T (-W) 
1 

I [E.l!+(W) - Mt+(W) 1 !I 

t 3 (W) = pt+l + 

f 4(W) = 'f 3(-W) 

Comparing this with equations 21 we see that whereas in the N case 

the argument -w appeared in~ 
1 3

, now 1t appears 1n T
2 4

• From 

' ' 
this the results of III.B. immediately follow. 
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I. DEII'ERMINATION OF .A. THEORY FOR LEPI10NIC K DECAY 

One of the outstanding problems in the theOI"J of 1reak inter-

actions consists of finding a unifying principle for the strangeness 

changing and non-strangeness changing decays. Attempts to use a 

universal Fermi interaction or to generalize the idea of a conserved 

non-strangeness changing vector current have not been fruitfU.1 in 

the sense that an understanding of the experimental. data has not 

been obtained. (l) Further.more, the ideas developed in attempting 

to explain the striking success of the Goldberger-Treiman formula 

in ~-µv decay( 2) hnve not been carried over oucccoof'u.l.J.y into the 

theory of K decays. ( 3) Many of the present difficulties may well 

stem from our inability to give operationaJ.. definitions to such 

concepts as a "partially-conserved current" and "universal inter-

actionn. In an attempt to sharpen our understanding of these terms, 

\-re have considered the leptonic decays of the K+. 

The assumption is made that the K+ ~ £+ + v + :rr0 interaction 

is of the vector form, in Which case -we ;may -write for the decay 

anplitude: 

< .e+ v 1!
0 I K'" > = ik{:: ;~) t "Ya (1 + r5 ) ;,+ < 1!

0 Is~\ K'" > (l) 

·where s~ is the strangeness changing vector cu.:r:Tent,. and G is the 

1reak interaction constant equaJ. to 1.4 x lo-49 ergs x cm3, By 

Lorentz invariance arguments, the matrix element < :rr0 \ s~(O) \ K+ > 

may be thrown into the form 

2 
'Where s = - (p -p ) • K re The four-momenta of the K and 1C are pKand P:rr• 
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Using causality arguments, one can show that f+(s) and 

(m..~ - m2) f (s) + sf (s) satisfy subtracted dispersion relations. 
K re + -

It is not difficult to show that f receives contributions 
+ 

(in the sense of dispersion theory) only from P-wave intermediate 

states~ Also, since the matrix element < 1C
0 

\ c\lc/o) I K+ > of 

the divergence or s~ is proportionaJ. to (m.~ - m2
) r (s) + sr {s), 

\.k K re + -
it is precisely this combination of form factors that receives con-

tributions from S-wave intermediate states. We now explicitly take 

* ( - ) into account the K K1c spin 1 resonance at 884 MeV , the only 

-* knovm particle or resonance that 'Will contribute to our for.m factors. 

Hence, -we 'Write 

i'+(s) = r{l. 1. s + v(s)} 
- M2 

, (3) 

< 1C
0 I <Ja s~(o) l K+ > c1::. m 2 

f+(s) + sf_(s) = r 6m
2 

d(s) (4) 

2 2 2 * where ~ = ~ - m1C, M is the mass of the K , and/ is a coupling 

* . concta.nt tho.t meo.curec the strenoN-{:;h of' the K M interaction. 

Because vre do not know of any zero mass particle that -would give 

rise to :poles in our f'orm factors, -we f'ind 

(5) 

and f (s) = - r 6;:: { 1. 1. s + ~ (v(s) - v(O)) - M: (d(s) - d(O))\, 

- il 
(6) 

We now make the assumption that the current s~ is upartially 

conserved", by 'Which we mean that d(s) is slowly varying and J d(s)J << l, 

* Later in this paper vre discuss the effects of other :possible KJr 
resonances. 
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in the physical region for s. This will justify neglecting the 
M2 

term - s (d(s) - d(O)) in the expression for f_(s). Note that 

v 
this definition for the partial conservation of sQ'. differs from 

the ones usually adopted. Previously, the partial conservation of 

v sQ'. has been taken to mean in the limit of some higher 

synrrnetry where baryon mass difference and meson mass difference 

vanish. ( 4) Alternative definitions have stipulated that 

0 ~ v + (5) < re I o Q'. s Q'. I K > -7 0 as s -7 oa • Since neither one of these 

latter two conditions is directly measurable in any decay experiment, 

we have chosen to redefine the concept of a partially conserved 

current. 

In order to obtain an expression for f + and f _ that may be 

easily compared with experiment, we will make the rather crude 

approximation that v(s) - v(O) is proportional to s. We may then 

-write 

f (s) A{~ 1 
+ o) (7) = + M2 s 

1 - -
M2 

and f (s) - I\ 
,6m2 1 (8) = 

M2 ' s 

·where 5 = d(O) 

1 + M2 dv(s)\ 
ds 

s = 0 

1 

<< l and 

- M2 

A= r (1 + M2 dv(s))I 
ds 

s = 0 

We now have a two parameter theory. A may be determined from the 

known K!3 decay rate, "While 5 should follow from the observed K~3/K!3 
branching ratio. 

* After the completion of this work, the author learned of a paper that 

* 

obtained essentially this same theory from a slightly different point of 
view. See N. Brene, L. Egardt, B. Qvist, and D. A. Geffen, Nuclear 
Physics 30, 39G ( 1062). However, a.t the time their pa.per vm.s -written, 
the dataof Brown et. al. and Dobbs et. al. was not available. 
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II. PREDICTIONS AHD EXPERIMENTAL CONFIRMATIONS OF THE THEORY 

In Figure l ;,re have plotted the branching ratio Kµ 3/Ke 3 

vs. 6. The curve is flat except for a very sharp rise near 5 = O. 

The structure or this spike is a result or the combined hypotheses or 

* a partially conserved current and 11 dominatingn K pole. In the region 

of 6 near the peak, not only the branching ratio, but also the spectra 

of' all the particles, along w.ith the longitudinal polarization of' 

the µ, are extremely sensitive f\lnctions of 5. The size of 6 should 

be compared with the pole term Which has strength 1. A strictly 

conserved current would mean 5 = o, a theoretically :impossible situation 

(o = 0 also gives an incorrect branching ratio). Regardless of the 

value of o, we may say in general that K~3/K!3 ~ 0.95. The measured 

b . 15 <;:::. 5+0.025 ranching ratio is 0.96 t O. • This gives u = - 0.0 _0 •05 • 

Figure 2 sho'W'S some typical f 's + • Note that this form factor goes 

through zero in the physical region. Using the known rate for K!3 

deca.y, 1'w'"e mo.y find f..2 
as a. function of' o. The rco:ult io given in 

Figure 3 ~ Figure 4 sho'W'S the rate for Ke3 as a function of o, A 

being held fixed. 

If' thP thPory js ca-rrect, it shouJ_d be possible to f'it both 

the ~o andµ+ energy spectra in K~3 decay by picking some value of 

o in the range -0.025 ~ 6 ~ -0.1. Let us therefore look at Figures 5 

and 6 "Where the data from the experiment of Brown et al. ( 6) is 

displayed. 
f 

We see that the constant form factors (f- = s = -9) used by 
+ 

Dobbs et al. and Boyarski et al. (?) in their experiments cannot 

possibly fit either the observed ~o orµ+ energy distributions as 
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rr.easured by Broi;m et al. The cune corresponding to 6 = -0. 065 

gives reasonable agreement with experiment. Note that Brown et al. 

use two parameters in their fit while ·we use one. We find that 5 

comes out small compared to one, as our theory predicts. 

Using the 6 obtained from the experiment of Bro'W!l et aJ..., 

we may compute What we would expect Dobbs et al. and Boyarski et al. 

to find in their experiments. The result is given in Figure 7 • 

Clearly, the form factors determined by Brown et al. do not fit the 

data of Dobbs et al. and Boyarski et al., while 6 = -0.065 gives a 

result consistent with experiment. 

Because Dobbs et al. and Boyarski et al. measure only the 

upper part of the µ spectrum, while Brown et al. measure the ~o 

energy spectrum and the bottom part of the µ spectrum, it is possible 

that the data of these three groups are not in contradiction. A 

contradiction will arise only if we assume that the form factors 

are essentially constant. Figures 8 and 9 give theoretical curves 

(without experimental biases) for theµ+ and ~o energy spectra. 

Using the model with a fixed vaJ..ue for o, the µ longitudinal 

:POlarization s~ectrum may be computed. Figure 10 gives some typical 

polarization curves. For largeµ kinetic energies (T > 110 MeV), 
µ 

the polarization comes out negative for all reasonable 8 (all values 

of 5 compatible ·with the Kµ
3

/Ke:5 branching ratio).. For intermediate 

values of T ( 35 MeV < T < 75 MeV) 1 the polarization is positive 
µ µ 

for all reasonable 5. For Tµ < 75 MeV, the polarization can be either 

positive or negative. An experiment measuring the polarization of 

high-energy µ 1 s has been proposed and carried out. The data are now 

being analyzed. 
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We would like to emphasize that certain very sensitive quantities, 

like the polarization of the µ in K~3 decay or the ~o energy spectrum 

in K:
3 

decay, will not be very well determined within the framework 

of our approximations. Quadratic terms in s should also be included 

if we expect good agreement with experiment. 

If we introduce a particle X to mediate the weak interactions, 

then we may summarize its effect by a change of form factors. 

/::illJ.2 f 
1 

f -7 f + f f 
- M 2 

-7 

1 
s + 1 

s + ' x - M 2 -2 
x Mx 

where M is the mass of the X. Because we lack detailed knowledge 
x 

of v(s) and d(s), the leptonic decays of the K meson seem to be a 

pnnr pl:::i.ce f'n"r i ~nl:::i.tirig t:he ef'f'e~t~ of' the X. Figure 11 give~ ~omP 

indication of the size of X effects. 

The concept of a universal Fermi interaction has never been 

very well defined. For example, to test for universality in K;3 

decay, it has been customary to consider G f (0) = S as an effective 
+ v 

coupling constant. Since it turns out that s2 << G2
, a universal 

v 

form for the interaction is not apparent. However, if f (s) is rapidly 
+ 

varying with s, then this test for universality may not be fair. 

Perhaps we should evaluate G f + ( s) at a different value of s when 

forming S and making our comparison 1dth G. The slowness of the 
v 

leptonic decay of the K+ might then be explained on the basis of a 

partially-conserved current. The rate is slow because the matrix 

element is of the order of< 1ro I eel~ I K+ > which is a small quantity 

because s~ is partially conserved. 



In concluding this section on K+ decay, WP. would like to 

re-emphasize that a partially conserved current implies a profound 

deviation from what would be expected on the basis of phase-space 

arguments or almost constant form factors. If both the experiments 

of Brown et al. and Dobbs et al. prove to be correct, the hypothesis 

of almost constant form factors will no longer be tenable, while the 

assumption of a partially conserved current may finally attain some 

degree of experimental confirmation. 

As a further application of our hypothesis of a "douinating11 

* K and a partially-conserved current, we have computed the form 

factors for neutral K leptonic decay and have compared our results 

f'or ~ --> e + + v + 'JC!:. with the experiment of' Luers et al. ( 8) 

If we denote the corresponding form factors for K~ leptonic 

de cay by h ( s) and h ( s), we end up with the familiar form 
+ -

h+(s) = A { 1 - 1 + 02 t 
2 1 - ~ ' 

M2 

h_(s) 
L:m2 l = 'A22 s 

M 1 
- M2 

If there was only an I = t current, then the spectra in K+ and K~ 

leptonic decay would be identical. + In Ke 3 decay we found that the 

11'.o eneY"gy i:::pP0.trnm had a 7.ero when the kinetic energy of' the ,-r0 

was about 85 MeV (see Figure 11). Since such a zero is not observed 

by Luers et al. in K~e3 decay, we must have both I = 3/2 and I = 1/2 

currents. The present data. do not allow a.. useful determino.tion of' 

(9) 

(10) 
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It is interesting to note thut if there exicto u opin l K~ 

* * resonance other than the K , then irrespective of the isotopic 

spin of this new particle, the form factors f (s), f (s), h (s), 
+ - + 

h_(s) will still have the ss.me effective rcprecentations (7) , 

(8) , (9) , (10) if we neglect quadratic terms in s. Only the 

physical interpretation of "A, 5, "A2, and 5 2 will change. Hence, 

within the upproxim.o.tiono made, our theory is not sensitive to the 

possible existence of other spin 1 K1C resonances. 

Let us now briefly turn to the leptonic decay of the A. 

There, the strong interaction matrix elements of interest are 
1 

v ( m mi\)2 - r 1 
< p I cµ(o) \A> - « up Li yµ F1 (s) + i 2 [rµ' yvsvJ F2(s) 

+ sµ F3(s~ u./\ 

where s = (pA - p ) and s = - s s • µ .Ll. p µ µ µ 

We consider the structure of s V. .l:'roceeding as be1·ore, we 
µ 

find that F
1 

receives only p-wave contributions and that 

receives only s-'WE.ve contributions. .6.nl = mA - m • Because we do not 
p 

know of any zero mass particle that would give rise to poles in our 

* There is some experimental evidence for the existence of such a reso
nance with a mass of 730 MeV. See G. Alexander, G. R. Kalbfleisch, 
D. H. Miller, and G. A. Smith, Phys. Rev. Letters .§., 447 (1962). 
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form factors, we find 

s 
+ t=i Mc;. 

l 

1 - 5 

+ V(s) - v(o)1 

F
3 

( s) = - w Dm
2 

{ l + M
2 

(V( s) - V ( 0) ) - M
6

2 
( D ( s) - D( 0)) L 

M21-~ s j 
I") 

M£:... 

Where V(s) represents all p--wave contributions to F1 (s) other than 

* * those of the K • M is the mass of the K , and as in the case of K 

leptonic decay, we assume that l D( s) \ << 1 in the physical region 

f'or s. 

The point we wish to stress is that While F3(s) may be treated 

, 

as being essentially constant, F1 (s) might be a rapidly varying function 

of' s and may even pass through zero in the physical region. Up to 

this time, it has been customary to take all form factors constant(9) 

and, because of' the small momentum transfers involved, (mi\ - mp) 2 

~ s ~ mt2, the terms containing F2(s) and F3(s) have been neglected 

compared to the term containing F1 (s). It is quite possible that 

this procedure is not justified. 

Once again the concept of a universal Fermi interaction is 

ill defined because of the rapid variation of F1 (s). AB in leptonic 

K decay, an explanation for the slovm.ess of the vector part of A.(3-decay 

may be connected with the partial conservation of' s~.. Because of the 

lack of experimental evidence and the wealth of unknown constants in 

the form factors, we are not able to say more about the problem at 

this time. 
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FIGURE CAPJ:IONS FOR K LEPI10NIC DEC!iY 

The branching ratio K+3/K+~ is plotted as a £Unction of the 
µ e...., 

parameter 5. The ex:perirnental value for the branching ratio 

of 0.96 + 0.15 is represented by the horizontal solid and 

dashed lines. This indicates that the range of o is limited 

to -0.l ~ 5 ~ -0.025. The sharp rise is due to the zero in 

the form factor f+(s) 'Which suppresses the K!3 rate more 

than the K~3 rate because K!3 depends only on f+(s), 'While 

K+~ depends on both f (s) and f_(s). 
µ0 + 

The l'u.em l'C:!.cLur l' ( s) is given f'or three values of' the para
+ 

meter 5 within the range determined by the branching ratio 

+I+ Kµ3 Ke3· 

f'+(s). 

The coupling constant A has been divided out of 

Fig. 3: The effective coupling constant squared, A2, is plotted as 

a function of 5. 6 -1 The ex:perimental rate of 4.0 x 10 sec 

+ for Ke
3 

decay has been used. The dashed vertical lines 

+I+ indicate the restriction placed on 5 by the known Kµ3 Ke 3 

branching ratio. 

Fig. 4: The K leptonic decay rates are given as a f'unction of o 

with A set equal to 1. 

Fig. 5: The histogram gives the 11: energy spectrwn in the K:3 decay 

as measured by Brmm !::.~ ~· T:.l"lc kinetic energy of' the 1C 

is T • The smooth theoretical curves have been corrected 
11: 

for experimental biases. Brown et al. use a two-parameter 

fit, while the theory proposed in this paper uses the one-

parameter 5. The curve labeled ~ = -9 is the constant 
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i'o:r:lll i'actor theory implied by the experiments of Dobbs et al. 

and Boyarski et al. 

Fig. 6: The histogram gives the µ+ energy spectrum in the K:
3 

decay 

as llleasu:r:ed by Brown et al. The kinetic energy of' the µ 

Figo 7: 

is T • The smooth theoretical curves have been corrected 
µ 

for experimental biases. Brovm et al. use a tw-parameter 

f'it, ·while the theory proposed in this paper uses the one-

parameter 6. 

+ The experimental µ energy spectrum, as measured by Dobbs 

et al., is represented by the histogram. The histogram 

has been corrected for experimental biases. 

Fig. 8: The ~ energy spectrum predicted by various theories is given. 

Note the sensitivity of the spectrum to values of 5. The 

dip in the spectrum for the curve o = - 0.065 is due to 

the zero of f+(s) in the physical region of s. 

Fig. 9: The µ+ energy spectrum predicted by various theories is given. 

Fig. 10: The longitudinal polarization of the µ in K~3 decay is plotted 

as a function of µ kinetic energy. Although the polarization 

fluctuates wildly with small changes in 8 1 large 1-t energies 

always yield negative polarizations. 

Fig. ll: The size of effects due to a vector boson X mediating the 

weak interactions is given for the electron energy spectrum 

in the K:3 decay. Although strong interactions could give 

rise to similar variations in the electron spectrum, the 

zero in the spectrum is a definite peculiarity of our theory 

arising from the zero of f (s) in the physical region of s. 
+ 
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A direct measurenent of this spectrum would be a crucial 

test for the hypothesis of a partially conserved current. 
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